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h i g h l i g h t s
 In:Ho:LiNbO3 crystals were grown at different In2O3 doping concentrations.
 The blue, green, violet and red upconversion emission can be obtained from In:Ho:LiNbO3 crystals.
 Light-induced scattering of In(5 mol%):Ho:LiNbO3 can be improved considerably.a r t i c l e i n f o
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A series of Ho:LiNbO3 crystals doped with x mol% In
3+ ions (x = 0, 1, 3 and 5 mol%) were grown by the
conventional Czochralski technique. Up-conversion emission spectra was observed under 808 nm femto-
second laser excitation in the In3+ doped Ho:LiNbO3 crystals at room temperature. The experimental
results indicate that blue, green, violet and red up-conversion emission can be obtained from In3+ doped
Ho:LiNbO3 crystals. From the pump energy dependence investigation, it is known that the up-conversion
mechanism is the two-photon process. The light-induced scattering was investigated as a function of
exposure energy. The effect of In3+ on the optical characteristics of Ho3+ in LiNbO3 crystal was investi-
gated and concluded, and is reported here. The surface the as-prepared In3+ doped Ho:LiNbO3 is very
smooth and practically free of droplets as highlighted by atomic force microscopy (AFM). The root-
mean-square (rms) surface roughness of the sample was determined to be 11.573 nm.
 2013 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Rare earth ion doped lithium niobate (RE3+:LiNbO3) is one of the
most relevant systems in the integrated optics since it combines
the fantastic spectroscopic properties of RE3+ and the outstanding
nonlinear, acousto-optical and electro-optical properties of the
LiNbO3 host material [1]. In the RE3+ ions, Ho3+ is one of the most
important active ions, which could be ﬁred by visible light and
infrared lasers. The optical characteristics of Ho:LiNbO3 crystal de-
pend, to some extent, on the concentration of the intrinsic defects
(Nb occupied Li sites and Li vacancies). The photorefractive damage
effect, which limits the performance of Ho:LiNbO3 crystal, can be
suppressed by co-doping with the anti-photorefractive ions suchas of Mg, Zn, In, Hf, Zr and Sc [2–7]. Among the anti-photorefractive
ions, In3+ is considered to be the most effective due to the lower
threshold concentration which was reported to be about 1.5–
2.0 mol% [8].
In this work, congruent LiNbO3 crystals co-doped with ﬁxed
Ho3+ and different In3+ concentrations were grown along the ferro-
electric c axis by the conventional Czochralski technique with con-
gruent melt composition ([Li]/[Nb] = 0.946) [9]. The up-conversion
emission spectra, power pump dependence and the up-conversion
mechanism were measured and investigated to understand the
optical characteristics of In3+ doped Ho:LiNbO3 crystals. The
light-induced scattering in these crystals was studied as a function
of exposure energy.2. Experiments details
Concentration of Ho3+ was ﬁxed at 0.5 mol% in the melt, while
In3+ concentrations were varied to be 0, 1, 3 and 5 mol%. The sam-
ples were labeled as In-0, In-1, In-3 and In-5, respectively. The
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L. Dai et al. / Journal of Molecular Structure 1047 (2013) 262–266 263growth conditions were as follows: axial temperature gradient 40–
50 C/cm, rotating rate 10–25 rpm, and pulling rate 0.5–2 mm/h.
After growth, the crystals were cooled down to room temperature
at a speed of 80 C/h. All the samples were polarized at 1200 C
with a current density of 5 mA/cm2. The polarized crystals were
cut to Y-plates (X  Y  Z = 10  2  10 mm3) with carefully pol-
ished surfaces.
Ti: sapphire laser operating at 808 nm was used as the excita-
tion source to measure the up-conversion emission spectra of the
samples. Incident exposure energy was employed to evaluate the
light-induced scattering resistance ability [10,11]. An extraordi-
nary polarized beam (e-polarized, wavelength 532 nm, beam
diameter 2 mm) was incident onto the samples to be analyzed. A
neutral density ﬁlter (NF) was utilized in varying incident inten-
sity. The scattered light was blocked by an adjustable aperture
and only the transmitted light was detected by a photo-detector.
Atomic force microscopy was performed to examine the surface
morphology and surface roughness. The surfaces were scanned in
contact mode and the images were subsequently analyzed with
the Software package of Digital Instruments. All the measurements
were conducted at room temperature in air.72 5I8
80
0
Fig. 2. Energy levels of Ho3+ ion as well as the proposed up-conversion mechanism.3. Results and discussion
Fig. 1a gives the up-conversion emission spectra of samples ex-
ited by focused femtosecond laser. The main emission peaks in this
work are assigned to the respective electronic transitions accord-
ing to the energy level data measured by Reddy et al. [12]. For an
unsaturated up-conversion process, the number of photons which
is responsible for the conversion mechanism can be calculated by
[13]:
If / Pn ð1Þ
where If is the ﬂuorescent intensity, P is the pump power, and n is
the number of the laser photons required. Double logarithmic plot
of the relationship between pump energy and up-conversion emis-
sion integral intensities of the samples is shown in Fig. 1b, where n
equals the slope of the graph of ln (If) versus ln (P). The slopes close
to 2 imply that the up-conversion emission is a two photons
process.(a) The up-conversion emission spectra. (b)
Fig. 1. Testing result of up-conversion emission specBased on the above results, up-conversion excitation and lumi-
nescence processes are proposed, as shown in Fig. 2. The following
up-conversion mechanism is proposed for explaining the blue,
green, violet and red emission under excitation at 808 nm. Ho3+
simultaneously absorbs two 808 nm photons to 5G5 level, followed
by nonradiative relaxation to 5F3, 5F2 and 3K8 levels in turn via mul-
ti phonon relaxation. The 5F2 state relaxes to the 5F3 and 5S2 states
in cascade, which emit the blue 486 nm (5F3? 5I8) and green
561 nm (5F4, 5S2? 5I8) radiations. The partial populations at 5G5 le-
vel directly relax to 5I8 states in cascade, which emit the violet
425 nm (5G5? 5I8) radiation. The populations at 5F4, 5S2 levels
are followed by nonradiative relaxation to 5F5 states, partial popu-
lations at 5F5 level are followed by nonradiative relaxation to 5I5
states in cascade, which emit the red 656 nm (5F5? 5I8) and
725 nm (5I5? 5I8) radiations.
Fig. 3 shows the dependence of up-converted intensity of sam-
ples on In3+ concentration under excitation at 808 nm. We can see Double logarithmic plot of the relationship between pump 
energy and up-conversion emission integral intensities
tra of In:Ho:LiNbO3 under excitation at 808 nm.
Fig. 3. In3+ concentration dependence of up-converted intensity of In:Ho:LiNbO3
crystals.
264 L. Dai et al. / Journal of Molecular Structure 1047 (2013) 262–266that with the increase of In3+doping concentration, the up-conver-
sion luminescence intensities increase ﬁrst reaching a maximum at
In3+ doping of 3 mol%, then decline. The results suggest that theFig. 4. Exposure time dependence of the light inteincrease of In3+ doping concentration is favorable to the location
of electrons at the 5G5, 5F3, 5F4(5S2), 5F5 and 5I5 energy levels, and
thereby signiﬁcantly increases the spectrum transitions from them
to the 5I8 level. However, when the In3+ concentration reaches
more than 3 mol%, the optimization distribution cannot be held,
and the spectrum transitions will be decreased to some extent.
This is because the incorporation of In3+ takes the place of formed
electron trap, further reduces the rate of nonradiative transition of
electrons, improves the luminescence environment of Ho3+, and
strengthens radiation transition.
The typical curves of the transmitted light intensity in
In:Ho:LiNbO3 crystals are shown in Fig. 4. The intensity of light-in-
duced scattering IS = Ito  It, where Ito and It are the transmitted
light intensity just at the beginning of the incident and at the time
of t, respectively. A uniﬁed Rs is deﬁned as the intensity of light-in-
duced scattering of doped LiNbO3, which is scattering light inten-
sity (IS) to the incident light intensity (II) [14]. More details of
exposure time dependence of the square root of scattering ratio
can be found elsewhere [15]. The exposure time dependence of
the square root of scattering ratio is shown in Fig. 5.
The experimental results of the light-induced scattering of
In:Ho:LiNbO3 crystals are shown in Table 1. As can be seen from
the results that the exposure energy of the samples is greatly im-
proved with the increase of In3+ concentration. The strongest resis-
tance ability of the light-induced scattering is demonstrated in
sample In-5 with the highest In3+ concentration in these fournsity transmitted from In:Ho:LiNbO3 crystals.
Fig. 5. Square root of scattering ratio
ﬃﬃﬃﬃﬃ
RS
p
dependence on exposure time of In:Ho:LiNbO3 crystals.
Table 1
Parameters of illumination light intensity (I), exposure time (s), total exposure energy
(Er) and photoconductivity (rph) used for light-induced scattering measurements on
In:Ho:LiNbO3 crystals.
Sample I (mw/cm2) s (s) Ieff (mw/
cm2)
Er (J/cm2) rph
(X1 cm1)
In-0 184.93 7.63 26.87 0.205 1.02  1012
In-1 315.62 22.37 45.86 1.026 3.62  1012
In-3 173.57 508.26 25.22 12.819 4.51  1012
In-5 317 910.33 46.06 41.931 7.19  1012
Fig. 6. Two dimensional AFM micrographs of sample In-5.
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mately two orders of magnitude higher than that of sample In-0.
Therefore, sample In-5 is the best choice in suppressing light-in-
duced scattering.
The reason for enhancement of resistance to light-induced scat-
tering can be explained as following by the scalar expression
Dn  AkaI=dðrd þ rphÞðrd  rphÞ ð2Þ
where A is the generalized electro-optical coefﬁcient, k is glass con-
stant, a is the optical absorption coefﬁcient, rd is the dark conduc-
tivity, rph is the photoconductivity, and I is the light intensity [16].
In In:Ho:LiNbO3 crystals, when the concentration of In3+ ions is be-
low the threshold concentration (samples In-0 and In-1), most of
the In3+ ions replace the Nb4þLi and form In
4þ
Li . The increase ofphotoconductivity (rph) can be attributed to the decreasing concen-
tration of Nb4þLi as the site of Nb
4þ
Li is replaced. As the In
3+ doping
concentration increases up to the threshold (samples In-3 and In-
5), Nb4þLi are completely canceled and part of In ions start to substi-
tute Nb sites. At the same time, Ho ions on the Li sites will be re-
pelled to the Nb sites by In ions. This is the origin of enhanced
light-induced scattering resistance. That is to say, the obvious
Fig. 7. Three dimensional AFM micrographs of sample In-5.
266 L. Dai et al. / Journal of Molecular Structure 1047 (2013) 262–266reduction of light-induced scattering is not only related to the de-
crease Nb4þLi , but also to the appearance of HoNb.
The two and three dimensional topographic scans of sample In-
5 are shown in Figs. 6 and 7. Each scan represents a 4 lm  4 lm
lateral area. It was found that the root-mean-square (rms) surface
roughness of the sample is 11.573 nm.
4. Conclusions
In summary, the optical characteristics of LiNbO3 co-doped with
different In3+ and ﬁxed Ho3+ concentration have been investigated.
Under 808 nm femtosecond laser excitation, blue, violet, red and
very intense green bands are observed in the In:Ho:LiNbO3 crys-
tals. It is concluded that the up-conversion process is a two-photonprocess. A simple and effective method was presented to analyze
the morphology of In:Ho:LiNbO3 by using conventional AFM, and
the surface was observed to be smooth cracks by AFM. The anti-
photorefractive In2O3 is chosen to suppress the light-induced scat-
tering in LiNbO3 crystal, effectively promoting practical applica-
tions of Ho:LiNbO3 in nonlinear optics. The strongest resistance
ability of the light-induced scattering was obtained in the sample
In (5 mol%):Ho:LiNbO3. Its exposure energy achieved 41.931 J/
cm2, which was approximately two orders of magnitude
higher than that of Ho:LiNbO3. We consider this work as a promo-
tion for understanding the relations between the In3+ ion concen-
trations and the optical characteristics of Ho3+ ion in LiNbO3
crystals.
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